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Abstract

This paper presents a recently developed simulation tool, SOFIA (Simufafibtoaters In Action), suitable for modeling slender
bottom founded and moorAteely floating space frame structures exposed to environmental lbadentrast to traditional rigid
body formulations of floating structures, the finite element method is utilizéldeinmplemented numerical approach, which al-
lows for direct output of local section forces and displacements fort goialysis and fatigue calculations. The numerical approach
builds upon a partitioned solution procedure, constituted by individual 8ol structure domains, which are coupled through
the structural equation of motion. The structural domain is handled bysnafahe finite element method, while large displace-
ments and stress f&ning dfects, exhibited by moored floating structures, are inherently includetbdaieo-rotational element
formulation. The fluid domain is modeled by an appropriate water waveythaod the hydrodynamic loads are evaluated at the
instantaneous fluid-structure interface by means of a relative Moripaation. The equation of motion is solved in time domain,
which makes SOFIA capable of handling bottom founded and floatingedpaime structures that may experience non-linear be-
havior. To demonstrate the applicability of the simulation tool, numerical pleswf a bottom founded and a floating space frame
structure are presented.

© 2017 The Authors. Published by Elsevier Ltd.
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1. Introduction

Numerical methods are widely used within structural afidimre engineering with respect to analysis fii§loore
structures. Because of rather complex interaction witheth@ronment, it often requires the coupling of interdisci-
plinary topics such as aerodynamics, hydrodynamics andtanal mechanics. The ability to predict the load-bearing
capacity of dfshore structures has always been of interest, but even rooueade methods are needed as structures,
and their interactions with the environment, are gettingnemore complicated to analyze. Especially within renew-
able energy, floating concepts have received great intdtestg the latest decade. Floatinffshore wind turbines
have been investigated by means of state-of-the-art methdd]. Bottom founded structures, such as the well-known
jacket structures used within the oil & gas sectoffatifrom floating défshore structures because they, in many cases,
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behave linearly from a structural perspective. Howevas ithnot always the case for floatingfshore structures.
These structures may experience non-linearities, sucirgs tlisplacements afod stress-sffening dfects, which
may alter the structural behavior considerably and musetbee be taken into account.

Different simulation tools have been developed for the purpbselding the non-linearities [1]. Despite the
currently developed tools an in-house simulation tool,rablated SOFIA (Simulation Of Floaters In Action), has
been developed as an initial computational framework fturiiresearch and education within analysis of floating
offshore structures in the Division of Structural anffbore Engineering at Aalborg University (Denmark). In the
current version, SOFIA is capable of simulating bottom fieh and floating fishore structures exposed to wave
forces from linear and non-linear waves, while geometmicad-linearities of the structure can be included.

The paper presents the simulation tool, SOFIA, in the falhgamanner: initially the overall methodology is intro-
duced in section 2. In section 3 the numerical implememntasidriefly touched upon, while also application examples
are illustrated in relation to ongoing research. Finaflyséction 4 concluding remarks are made regarding the gresen
stage of SOFIA, while possible future developments aredtas well.

2. Methodology

Three overall topics are considered in SOFIA; the modelirgiractures, waves and the interaction of these. These
topics are introduced in the following subsections, whaeetheoretical principles are briefly summarized. A more
comprehensive description can be found in [3].

2.1. Structural equation of motion

The structural domain is modeled by means of Timoshenko lieeany, while the governing fierential equations
are discretized by use of the finite element method. fishore structures often consist of multiple tubular members
the application of beam elements is well-suited for thigppge. After discretizing the structure by a finite number of
beam elements the structural equation of motion becomes

MX+Cx+Kx=fy+ fg+ fy D)

where{X, X, x} are the structural response vectofg,is the hydrodynamic force vectofy is the gravitational force
vector, fy is the buoyancy force vectoM is the structural mass maitrix; is the structural damping matrix and
K = Ke + K, is the structural sfiness matrix constituted by an elastic and geometric part. €ffuation of motion

(1) is solved in time-domain by using either a linear or nmedr Newmark time integration scheme. In the case of
non-linear Newmark time integration, the system matricesupdated during the analysis by means of a co-rotating
beam element formulation [2]. An example of a jacket strrectnodeled in SOFIA is given in figure 1.

The environmental force vectors are described in sectiBnvhereas further details regarding the co-rotating
beam element formulation and Newmark time integration @ifolond in [2]. For the environmental loading to be
defined, particle kinematics are needed. The particle katiesare formulated in the following section by means of
linear and non-linear water wave theory.

Fig. 1. A jacket substructure [4] modeled in SOFIA.
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2.2. Water wave mechanics

For the modeling of fluid-structure interaction, the maitemests are the free surface elevation and particle kine-
matics. These parameters are modelled by means of watertheory. In SOFIA it is possible to model various
sea states ranging from multi-directional waves to stegplae waves, which are necessary for fatigue limit state
and ultimate limit state analysis, respectively. The incagrflow is assumed to be incompressible, irrotational and
inviscid. This allows the flow to be described by a velocitygutial # from which the particle kinematics are derived
as
_0¢ . Du 9u ou  du ou

_6X N U:E:E+U6—X+Va—y+wa—z (2)

u
where the convective terms are neglected for linear wavdse dverall principles are briefly summarized in the
subsequent subsections for the implemented linear andimeer-wave theories, respectively.

2.2.1. Multi-directional waves
For linear solutions of the governing mathematical probléva principle of superposition is valid. Therefore, the
free surface elevation of a linear multi-directional sedests represented byplane waves i directions by

m

n(xy.t) = > > aijcos(wit ~ k (xcog6)) +ysin;)) + i) @)

n
i=1 j=1

while the velocity potential is also determined by supesipg linear solutions as
me‘ _ajgcoshiki(z+d))

Bzl =Ux+ ) )~ ==

i=1 =

sin(wit - ki (xcog6;) + ysin(e))) + 6i;) )

wherek; is the wavenumbel) is the current velocity (assumed constaat)js the cyclic frequencyy is the gravita-
tional acceleratiord is the water depthg; is the propagation directiod;; = [0, 27] are random phase angles amd
are the amplitudes. The latter are determined from

aj = \V2S(fi, 6)AfAO (5)

whereS(f,0) = S,(f)D(0) is a directional wave spectrurl,(f) is a wave energy spectrum aiqé) is a spread-
ing function, for whichf_’:T D(6)d9 = 1 must hold. In SOFIA the well-known JONSWAP spectrum is iempénted
alongside with a cosine-power distribution as spreadingtion [3]. Wheeler stretching [5] is applied for linear wate
waves, so that the particle kinematics can be approximatetrétching the profile towards the free surface.

2.2.2. Stream function waves
In ultimate limit states the hydrodynamic forces are basegarticle kinematics from steep regular waves. For
this purpose stream function wave theory is implementeddfI8. The free surface elevation can be evaluated by

N
n(x,t) = 22 ajcos(jk(x — ct)) + aycos(Nk(x — ct)) (6)
j=1
2 vN+1

wherea; = £ 37" nicog jkxAx), c is the wave celerity, and the stream function may be constedea velocity

potential, so that

~cosh(jk(z+d))

N
o(xzt)=Ux- > B - sin(jk(x — ct)) @)
; I cosh{jkd)

whereN is the stream function orderB;, k, U, 5 andc are unknown parameters to be determined by means of
Newton-Raphson iterations on the governing equationsg@aieed in [3,6].
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2.3. Fluid-Structure Interaction

The environmental loading is, in the current version of S&Fhodeled by two contributions; namefy, hydro-
dynamic forces andlfy, f,; gravitational forces. As the finite element method is usedtfe structural domain, the
environmental loadings are formulated as distributedd@ddng the submerged element length, as illustrated indfigur
2, by means of polynomial regression. Théelient force contributions are introduced in the subsegsgrgections.
Tangential forces will be applied in a similar manner as tireds normal to the structural members.

2.3.1. Hydrodynamics
As structural elements are assumed slender, and as suctt, exhibit neither diraction nor radiation, the hydro-
dynamic forces are expressed by means of relative MorisoatEgs as

fy = [ fuy

g

©)

— —pwCaAsX + pwCnmAsln + %PWCDnD (Un - Xn) |Un — Xnl
3ouCo,D (U — %) |0 — i

whereu’is the particle acceleration,is the particle velocityx is the structural acceleratiorjs the structural velocity,

Cp is the drag coficient,C, is the added mass ceient,Cy, is the inertia cofficient, Ag = nRg for tubular cross-
sections andd = 2R, is the outer diameter. In (8) the subscriptandt indicate directions normal and tangential to
the considered structural member. Global kinematics aresformed into the local frame of reference to determine
the normal and tangential force components. This is eaaitglled by use of the co-rotating element bases, which, as
illustrated in figure 2, transform global variables to thedbframe of reference.

2.3.2. Buoyancy and gravity

Especially for floating ishore structures the motion, and thereby structural respatepends highly on the re-
lation between buoyancy and own weight. Hence, in additiothe hydrodynamic forces, also forces related to
gravitation are introduced. The buoyancy forces are espreas

fo = pPwChAsY ©)

wherep,, is the density of water an@, is a buoyancy cdécient, which can be tuned to model flooded members. As
the structure may experience large displacements durangnhlysis, the buoyancy will vary based on the instanta-
neous wetted length of each structural member. It must &ssidied that this formulation is considered acceptable
as all members are assumed slender, and for deep waterajgpigclocal stability issues, due to high hydrostatic

pressure, should be taken into account. Gravity forces xgreessed in a similar manner as the buoyancy force,
namely

Fig. 2. Hydrodynamic forces distributed over the instancarsewvetted length, s, of a structural member with total length[3].
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Fig. 3. MATLAB classes used to handle théfdrent computational tasks in SOFIA.

whereps is the structural mass density aAds the actual cross-sectional area of the structural meniihés gravity
force will also be updated during the analysis if non-lintsare integration is enabled. In reality, the force vector is
established by taking the matrix-vector product betweemtlss matrix and a gravitational acceleration vector.

3. Implementation in SOFIA

SOFIA is primarily being developed for research and edoaalipurposes. In order to comply with demands for
reproduceability and transparency, the computationahérasork is written in MATLAB, which makes it relatively
easy to use for both experienced and less experienced uisleirs seientific computing.

3.1. MATLAB classes and overall data structure

The overall data structure is shown in figure 3, which cossisfour classes and two additional scripts for handling
of input and postprocessing. It is conceptually straigimveird to use. Initially, the structure is modeled by definin
traditional input for finite element analysis (nodes, tagyl and material properties) in the structures-class,enthi
wave field is defined in the fluid-class by specifying the wavaracteristics, such as wave height, wave period, water
depth, etc. In the interaction-class the coupling betwberstructures- and fluid-class is specified. At present stage
the coupling is constituted by a relative Morison equatemstated in section 2.3.

3.2. Example: Monopile exposed to linear regular wave

In this example a bottom founded monopile of constant dianistexposed to a single-component, regular linear
wave. This example validates the calculation of hydrodyindarces (assumedp, = 1 andCy = 2) while piercing
the free surface. In figure 4 an analytical solution is coragao the numerical results from SOFIA, and good
agreement is found between the results.

3.3. Ongoing research and developments

Current research is targeted applications within the wimitl\@ave energy sector.ff8hore structures used within
these sectors, as illustrated in figure 5, constitdfshore substructures for which the application of SOFIA is in
tended. Wave energy devices and floatifiggslwore wind turbine structures are examples of applicatiorexts, in
which non-linear behavior may be introduced, and could ssitate more detailed analysis. Therefore, the modeling
of non-linear wave-structure interaction is of great iatito develop in the future versions of SOFIA. At the moment
a fully non-linear potential flow solver, including strucall boundary conditions, is under development. Recently,
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Fig. 4. Bottom founded monopildR§ = 3m,t = 0.05m) exposed to a linear regular wave with= 1.5m andT = 10s, atd = 50m water depth.

SOFIA has been used in relation to investigation of methodsliétection and localization of damages ifishore
structures [7], where the jacket structure in figure 5 wasetext

4. Concluding remarks

The current implementations in SOFIA were presented andhydeodynamic load calculation was validated by
a simple example. Future investigations should be carnigdio order to test the tool against experimental results.
In later versions SOFIA may become open-source and aveilatline. This will allow users to use either of the
MATLAB classes defined in SOFIA for individual purposes; whey it is for research or education. In addition to
further improvements of the basic computational framewadditional features will be developed. At the moment
a fully non-linear wave model is being developed, which ¢walty will allow for non-linear wave simulation with
irregular domains and structural boundaries, in additiotihé currently implemented Morison equations.

References

[1] A. Robertson et al., @shore Code Comparison Collaboration, Continuation Witki& Wind Task 30: Phase Il Results Regarding A Floating
Semisubmersible Wind System, 33rd International Conferend@aean, @shore and Arctic Engineering, OMAE2014, 2014.

[2] S. Krenk, Non-linear Modeling and Analysis of Solids ébluctures, Cambridge University Press, 2009.

[3] M.E. Nielsen, M.D. Ulriksen, L. Damkilde, Simulation of ¢dters in Action: Theory (vol. 1), Aalborg University, Detraent of Civil
Engineering, 2016.

[4] W. Popko et al., @&shore Code Comparison Collaboration Continuation (OC4sPH - Results of Coupled Simulations of afishbore Wind
Turbine with Jacket Support Structure, 22nd Internati@wiety of Qfshore and Polar Engineers Conference, 2014.

[5] J.D. Wheeler, Method for Calculating Forces Producedrisgular Waves, Journal of Petroleum Technology, 1970.

[6] M. Brorsen, Non-linear Waves, Aalborg University, Dejpaent of Civil Engineering, 2007.

[7] M.D. Ulriksen, D. Bernal, M.E. Nielsen, L. Damkilde, Dammtpcalization in &shore structures using shaped inputs, Proc. X Interndtiona
Conference on Structural Dynamics, EURODYN 2017, 2017.

z [m]

y [m]

E v m]

Fig. 5. Numerical examples of (left) a jacket structure anghfjia moored space frame structure, exposed to multi-direadtgea states.



